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ABSTRACT
A geographic information system [GIS] database has been
generated for the SauconValley using ARC/INFO. Coverages
include hydrography, roads, geology, ground-water elevation,
topography, sinkhole locations, and soils where created. A
ground-water elevation map was produced for the valley for
June-August 1993. Upon comparison with a 1967 ground-water
elevation map, which included a large cone of depression, the
volume difference between the 1993 and 1967 maps was
determined using ARC/INFO to be roughly 2.37 x 109 m3 •
Zinc ·ore had been mined in the Saucon Valley since the
mid-1800's. Mining was hampered by inflow of water, which had
to be pumped out. The modern Friedensville Mine was pumped
from 1953 to 1983, creating a large cone of depression. When
mining operation ceased, this depression filled in 2.6 years,
due to natural recharge processes and absence of pumping. A
minimal mine void volume was found to be about 3.77 x 106 m3 ,
based upon the amount of tailings mining produced.
Hydrologic budgets based on pertinent data on
precipitation and stream discharge were made for three stream-
gaging stations. It has been found that runoff has increased
greatly since the mining years. using the time necessary for
the cone to refill, mine void calculations, and the volume
difference between 1967 and 1993 ground-water elevations,
calculations and estimates were made upon specific yield of
the rocks in which the cone of depression existed and recharge
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rates required to refill the cone. The specific yield for a
cross section of the Saucon-Valley carbonate aquifer, from
about 100-m depth to the normal zone of water-table
fluctuation, is certainly higher than 2.0 %, but probably less
than 5.5 %. The near-surface levels of the aquifer appear to
have specific yields closer to this upper value (5.5 %).
Surface analysis using ARC/GRID can be used to delineate
drainage basins and possible contaminant-source areas.
Downstream tracing of contaminant flow may also be completed.
A menu has been developed in ARC/INFO to allow even non-
technical individuals use of this powerful automated database
for surface analysis of both the land and ground-water
surfaces.
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INTRODUCTION
Effective evaluation and management of complex water
systems are difficult even under ideal conditions. A wide
variety of natural and man-made stresses can have an impact on
ground-water resources. If managers of a water system are to
be expected to evaluate and respond to the changes brought
about by stresses, they must be provided with accurate
hydrogeologic updates on a regular basis. A problem in
"-
accomplishing this obj ective ha's been that geographic data are
difficult to capture and upgrade in a time frame that is
useful for a meaningful response.
Geographic information systems [GIS] are computerized,
graphical systems with automated database management functions
that furnish a means of focusing highly varied data to a
specific problem. GIS technology provides efficient data
handling, manipulation, and display capabilities that
facilitate the analysis of large amounts of spatially oriented
environmental data. A link between GIS and ground-water
resource management seems appropriate; however, usefulness of
this technology in dealing with complex geologic regions
remains to be established.
using the drainage basin of Saucon Creek as a model, the
functionality and applicability of a particular GIS (ARC/INFO)
in the management of water resources were tested. In order to
attain this goal, it was essential to collect and incorporate
environmental and cultural data into the database, such as
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bedrock and surfical geology, sinkholes, stream courses, and
road locations. A hydrologic budget was also generated for
the basin which required gathering data such as precipitation,
stream discharge, evapotranspiration, water use, and related
information. Ground-water levels were measured in many area
wells in order to establish a current ground-water elevation
map for the area.
The Saucon Creek watershed occupies an area in south-
eastern Pennsylvania that covers portions of southeastern
Lehigh County, southern Northampton County, and a very small
portion of northern Bucks County. The basin itself is a
roughly 24.1 km by 9.7 km elliptical region covering about
150 km2 • The long axis of the basin lies in a northeast-
southwest direction. It extends from a point roughly 3.2 km
southwest of Limeport northeastward to about 6.4 km northeast
of the Borough of Hellertown. An outline of the basin is
shown on Figure 1.
The watershed is drained by the Saucon Creek, which has
numerous tributary streams. The Saucon Creek headwaters are
at an elevation of about 150 m southwest of Limeport, Lehigh
County. The creek flows about 22.5 km generally in a north-
easterly direction, reaching its confluence with the Lehigh
River on the east side of Bethlehem at an elevation of 64 m.
The Lehigh River flows easterly to its confluence with the
southern flow of the Delaware River, which in turn empties
into the Atlantic Ocean at Delaware Bay.
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GEOL~GIC SETTING AND HYDROGEOLOGIC REGIME
Rocks underlying the Saucon Creek basin consist of
Precambrian metamorphic and igneous rocks, Cambrian quartzite,
Cambro-Ordovician carbonate rocks, and Triassic sandstone,
shale conglomerate, and diabase (Wood et al., p. 163). The
flat to gently rolling valley floor has an average relief of
about 23 m.
The portion of the basin lying along the Saucon Creek
from Limeport to Hellertown is known as the Saucon Valley.
This area is underlain by intensely folded and faulted
carbonate rocks of the Leithsville Formation, Allentown
Formation, Beekmantown Group, and Jacksonburg Formation. The
carbonate rocks of the valley are "cut by veins of quartz and
calcite and by two principal joint systems that intersect each
other and the bedding at nearly right angles" (Wood et al., p.
163) .
The highlands almost encircling the Saucon Valley are
rounded hills underlain by Precambrian (Grenville) crystalline
rocks that rise to a maximum elevation of 317.6 m. "The
valley lies entirely within the Reading Prong of the New
England Physiographic Province" (Metsger, p. 428). The
Triassic rocks are concentrated along the southeastern edge of
the basin and form the basin divide in that area.
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TABLE 2: BRIEF GEOLOGICAL DESCRIPTION OF ROCK UNITS
Diabase (Triassic) intrusive sheets of medium to
coarse grained diabase
Brunswick Formation
Jacksonburg
Limestone
Beekmantown Group
Allentown Formation
Leithsville
Formation
(Triassic) red to reddish brown and
gray to greenish gray shale, mudstone,
siltstone, and sandstone, grading into a
quartzite fanglomerate (contact
metamorphosed into hornfels near diabase)
(Middle Ordovician) medium to dark
gray thick bedded argillaceous limestone
(Lower ordovician) Epler and
Richenbach Formations, light gray to
medium dark gray thick and thin-bedded
dolomites with interbedded dolomitic
limestone
(Upper Cambrian) alternating dark and
light beds of dense blue-gray dolomite up
to several feet thick, interspersed-with
minor beds of sandy and argillaceous
limestone
(Upper Lower and Middle Cambrian)
interbedded light-medium gray to dark gray
fine to coarse grained dolomite, phyllite,
and very thin beds and stringers of quartz
and dolomitic sandstone
HaTdyston Quartzite (Lower Cambrian) quartzite and quartz-
pebble conglomerate, commonly arkosic at
the base
Igneous and
metamorphic rocks
(Precambrian) granitoids, gneisses of
hornblende and pyroxene granulite
amphibolites, and other quartz-feldspathic
gneisses
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The flow of water through all of the rocks underlying the
Saucon Valley is primarily through fractures. All the rock
units described above may be grouped into 'two hydrostrati-
graphic units. The Precambrian crystalline rocks, as well asr -
the Hardyston Quartzite, possess a fairly tight fracture
porosity; there is little or no intergranular porosity. The
situation is similar for the Triassic rocks, although there
may be some intergranular porosity in the coarser sandstone
beds. The Cambro-Ordovician carbonate rocks also possess a
fracture porosity; but these fractures have been greatly
enhanced due to dissolution of the carbonate minerals. In
karst terrain such as this, solution channels can transmit
large quantities of water. The permeability ratio of the
carbonate rocks to the crystalline rocks is about 11 to 1
(Longwill, unpublished US~S study)
ZINC MINING NEAR FRIEDENSVILLE
Friedensville is located in the heart of the valley, just
north of the Saucon Creek between Hellertown and Limeport (see
location map, Figure 1). Zinc mineralization was first
recognized here in 1845 (Metsger, p. 428). In the mid 1850's,
zinc ore production began; operation of zinc mines continued
until 1893. Water was the major barrier to the mining
activity, as it would accumulate in the mines faster than it
could be removed. In 1872, a large Cornish pump was installed
and operated for four years, drying many of the area wells and
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springs. Water in Saucon Creek at this time had reportedly
vanished and taken some subterranean path through a large sink
hole about 2 km southwest of the mine (Wood et ale p. 163).
From 1948 to 1952, shaft sinking down to a depth of 384.4
m was accomplished for a new mine. The major water-bearing
fractures discovered as a result of this renewed zinc mining
activity in the valley were joint planes trending north-
eastward and dipping steeply from 70° NW to 70° SE (Wood et
al., p. 164). Fractures occur in the mine at intervals of 8
to 15 m and are generally associated with shattered zones that
can be as much as 3 m wide (Wood, written communication,
1993). Bedding planes strike roughly northeast as well,
although they commonly exhibit more shallow dips than the
joint planes, generally ranging from 20-25° BE (Wood et al.,
p. 164). The bedding plane partings in the vicinity of the
mine do not appear to be hydrologically active (Wood, written
communication, 1993).
Pumping of the new mine, which began January 8, 1953,
developed a cone of depression that would eventually be felt
over the entire Saucon Valley. By 1975, the shaft was
deepened to 630.9 m (Metsger, p. 433). Yearly pumping rate
averages ranged from 786 Lis in 1953 to 1,982 Lis in 1976.
Pumping continued until October 19, 1983, when mining ceased
for economic reasons. As the cone of depression began
refilling, the valley experienced a dramatic rise in the water
table.
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with the resurgence of the water table, the mine itself
became recognized as a large, potential water resource. In
April 1993, the Upper Saucon Township of Lehigh County
undertook a six-month trial to test the feasibility of
augmenting their water supply with water from the mine pool.
For two hours daily, water is pumped from the Friedensville
Mine shaft at a rate of 6.309 Lis, about 45,425 L per day
(Stahlnecker, oral communication, July 1993).
An estimated volume of mine void may be calculated from
the huge tailings pile consisting primarily of dolomite and
limestone, that the mining operation has left behind.
Approximately 8.75 x 106 tons of tailings are stored near the
mine; roughly 8 to 12 weight percent of that would represent
processed zinc material (sphalerite) which was floated and
separated (Kulp, personal communication, September, 1993).
·This estimate represents a minimum value, as some portion of
tailings were sold for various applications; plUS, a fraction
of tailings produced have been swallowed by sinkholes. Two
documented incidents involving sinkhole loss account for about
7.31 x 105 tons (Metsger, p. 443). Thus, a minimum amount of
tailings is about 9.48 x 106 tons.
The volume of dolomite (specific gravity = 2.8) and
limestone (specific gravity = 2.7) is found to be 3.50 x 106
m3 by applying a specific gravity value of 2.75 g/cm3 • Since
the tailings represent roughly 90 % of the total rock mined by
weight, the amount of processed zinc material is estimated as
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1.05 X 106 tons. Using the specific gravity of sphalerite,
4.0 g/cm3, the estimated volume of zinc material separated for
processing is 2.68 X 105 m3 • Hence, the minimum mine void
volume, not accounting for porosity, is 3.77 x 106 m3 •
WATER-TABLE MAPPING
Wood et al. (1972) created a map (Figure 2) showing
water-level contours and the prospects for the successful
completion of water wells in the Saucon Valley for late July,
1967. The cone of depression created by the vast dewatering
project of the New Jersey Zinc Company's Friedensville Mine is
the focus of the map. The map area is basically that of the
Saucon Creek watershed; however, it is cut off west of the
mouth of Saucon Creek, Hellertown, and the triple junction of
Northampton, Lehigh, and Bucks counties. The reason for the
exclusion of those portions of the watershed is that the
report was for Lehigh County and the cone of depression did
not influence the water table in the unmapped area.
Differences in transmissivity (ability to transmit water)
noticed on the 1967 map (Figure 2) reflect geologic
differences, namely variations in hydraulic conductivity
exhibited by the different geologic formations. Wood et al.
(1972) noted that the water-level contours lose steepness at
the contact between carbonate rocks and the crystalline rocks
surrounding the valley, due to the much greater permeability
of the carbonates.
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Several areas of closely spaced water-level contours,
suggesting low transmissivity, can be discerned on the water-
level map' (Figure 2). An area of relatively high water levels
(from about 60 to more than 120 m above mean sea level) and
compact water-level contours near Lanark coincides with an
outcrop area of the Jacksonburg Formation, an argillaceous
limestone, therefore possessing lower transmissivity than the
adjacent carbonates. Another series of closely spaced water-
level contours extends 1 km northward along Cemetery fault
from Saucon fault, near the mine. The fault zone apparently
acts as a barrier to water movement at this locality. (Wood,
written communication, 1993).
Three major areas of water-level contours exhibit low
relief, indicating zones of high transmissivity (Figure 2).
The largest area extends from just east of Hellertown to the
vicinity of the Lehigh County line, the second area extends
southwestward about 4 km from the Saucon fault, and the third
lies northwest of the mine where water levels are between sea
level and 30 m below sea level. The carbonate rocks in these
three areas are probably honeycombed with the same type of
solution enhanced openings along joint planes that were
observed in the mine. Water can flow toward the shaft with
little loss in head due to friction (Wood, written
communication, 1993).
From early June to early August, water levels were
measured in 149 wells distributed across the entire Saucon-
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Valley watershed. An electric tape with 0.05-ft increments
was used to accomplish this task. Well location points were
digitized into the ARC/INFO database using three USGS 7.5-
minute quadrangle maps: Allentown East, Hellertown, and
Milford Square, (refer to Ap~endix A-I for ARC/INFO commands,
etc.). ARC/INFO was employed to contour the water table at
25-m intervals above mean sea level (see Figure 3). Note that
there is very low relief in the valley portion, while contours
increase and are more compact towards the surrounding upland
areas. Table 3 presents record of wells used in this study.
Comparison of the Wood et al. 1967 map and the ARC/INFO
generated map shows that the water table has undergone a
dramatic recovery since the closing of the Friedensville Mine.
From the time the mine pumping shut down on October 19, 1983,
Wood had estimated that the cone would fill in between 2.5 and
3 years (personal communication, April 1993). In fact, water
levels from well records close to the mine reveal that
recovery occurred in about 2.6 years. A tremendous surge in
water-table elevation occurred immediately upon cessation of
pumping. Afterwards, the rate of recovery gradually tapered
off as the cone's area of recharge continuously decreased.
The volume difference between the 1993 ground-water
elevation map of this study and the 1967 ground-water
elevation map of Wood et al. (1972) was found to be roughly
2.37 X 109 m3 (refer to Appendix A-II), representing the volume
of rock that was refilled with ground water.
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Figure 3. ARC/INFO generated water-level from
data collected during the summer of 1993, 25-m
intervals above mean sea level.
I-'
lJ1
----~-
~
-----;;:.
I
I l·
o· /c; ;'
o~ /;'
• ~>(j ;'~#/' o·
.1>(, ;' c;
~oY , ~/(Y
<9':>
well location
4 kilometers
I I
SPECIFIC YIELD AND RECHARGE
An estimated specific yield of the carbonate rock in
which the cone of depression existed is 2.0 % (Wood, written
communication, 1993), which is lIapproximately equal to the
porosity, because the solution openings and fractures in
limestone are usually of sufficient width so that only a
small-quantity of water is retained following release of water
by gravity drainage ll (Wood et al., 1972, p. 169). This 2.0 %
value was derived from annual mine discharge and annual
changes in dewatered cone of depression volume from 1955-77.
Because dewatering occurred near the land surface in the
shallower parts of the cone of depression and at great depth
near the mine, this specific yield is an average for a cross
section of the carbonate aquifer extending from the land
surface to a depth of about 100 meters. It does not apply to
crystalline rocks surrounding the valley, because the changes
in dewatered volume were almost entirely confined to the
carbonates. From 1957, the cone of depression altered little
in size and shape, only changing in its depth. (Wood, written
communication, 1993).
Based upon a 2.0 % specific yield and the volume
difference between the 1967 and 1993 ground-water elevation
maps, this translates to about 4.74 X 107 m3 of ground water to
refill the cone of depression. Since the mine voids possess
a specific yield of 100 %, a total of 5.12 x 107 m3 of ground
water is necessary to fill the rock volume and the mine void.
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The equation relating recharge and specific yield during the
refilling of the cone of depression would read:
R = [(SY * VR) + VM] I T
where R = recharge rate,
SY = specific yield,
VR = 1967 and 1993 ground-water maps' volume difference
(2.37 x 109 m3),
VM = volume of mine void (3.77 X 106 m3), and
T time to refill the cone of depression (2.6 years).
Using a 2.0 % specific yield, after Wood, the above equation
is solved for R, yielding a value of 1.97 x 107 m3/yr, or 19.7
hm3/yr. Wood (written communication) has determined annual
recharge to range from 33 to 52 hm3 in the 1956-77 period.
For this rate of recharge, specific yield would have to range
from 3.5 to 5.5%. These values of specific yield more closely
resemble porosity in the normal zone of water-table
fluctuation found in other similar carbonate basins (Wood, et
al., 1972).
Several possible reasons exist for calculating a lower
recharge value of 19.7 hm3 • Firstly, if the volume to be
filled were larger, the corresponding recharge rate would have
to be larger. It has been noted that the mine-void
calculation is only a minimum value; moreover, upon comparison
of pumping rates (about 1,040 LIs in mid-1966 to mid-1967 and
about 1,670 LIs for the year prior to shut down) the 1967
water-level map probably underdetermines the 1983 cone-of-
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depression depth. Secondly, the specific yield of the
carbonate rocks should increase from depth to the surface.
This also would require more water for the refilling of the
cone. Lastly, if the time to refill the cone is increased,
recharge rate would decrease. As the cone was being refilled,
it was decreasing in size; hence, the contributing area for
recharge also decreased, effectively lengthening the amount of
time necessary to refill the cone of depression.
Apparently, climate is not a contributing factor to the
lower recharge value determined from the above calculation.
The cone-refilling period was much wetter (1984-85 mean water-
year precipitation was 136.73 cm/yr) than Wood's 1956-77 study
period (when precipitation averaged 108.82 cm/yr). More
precipitation would tend to refill the cone more rapidly,
thereby increasing recharge rates.
Wood (written communication) has used effective
precipitation to gain insight on the relationship between
precipitation and mine recharge. Effective precipitation is
a weighted average of current and antecedent precipitation
that correlates best with current runoff (Searcy and Hardison,
1960). The most adequate equation for effective precipitation
near Saucon Creek at Lanark for 1949-62 was determined by Wood
by trial and error to be
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Pe = 0.5 Po + 0.4 p. + 0.1 P2
where Pe = effective precipitation,
Po = the current water-year precipitation,
PI = the previous water-year precipitation, and
P2 = the precipitation two water years ago.
This equation was assumed to be a reasonable approximation of
the precipitation effective in producing recharge to the mine.
Figure 4 (from Wood, written communication, 1993),
reveals adjusted effective precipitation plotted against
recharge to the mine by water year. Wood fit a smooth curve
to the points by eye. Recharge was lower in 1955 and 1956
than values predicted by the curve predicts because the cone
of depression did not reach its full extent until 1957. From
1963 to 1965, recharge was higher than the curve predicts due
to a severe drought, which reduced evapotranspiration.
Failure of clay or grout plugging a solution opening on the
357-m level of the mine on February 17, 1976, caused the
recharge for 1977 to be much higher than the fitted curve
(Wood, written communication, 1993).
The effective precipitation at Friedensville during cone
refilling were 133.75 and 131.6 cm for water years 1984 and
1985 respectively. Effective precipitation was not calculated
for water year 1986 because the cone was not filling during
that entire water year. From Figure 4, these effective
precipitation values yield respective recharge rates of about
51.0 and 49.5 hm3 • These recharge rates, if considered over
19
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the full extent of the cone of depression, as shown in figure
4, produce specific yields values of 5.4 and 5.3 %
respectively. However, the first full water year after
cessation of mine pumpage (1984), would obviously be the
closest to data corresponding to the full extent of the cone.
HYDROLOGIC BUDGET
A hydrologic budget is essentially a way of describing
and quantifying the hydrologic cycle over an area. As in any
budget, if there is no change in storage within the basin,
inputs must equal outputs. There is generally one input, that
being precipitation; outputs range from runoff, evaporation,
transpiration, ground-water outflow, and recharge to ground-
water. Precipitation and runoff are the easiest of these
parameters to measure. Very good records of precipitation
have been kept for the study area, while stream discharge data
are spotty and difficult to acquire. Ground-water recharge
investigations (seepage runs) are sparse and were not always
conducted at the same stations. Evapotranspiration studies
are extremely costly and lengthy, which is why
evapotranspiration is commonly estimated from other
parameters.
A seepage run is a way of figuring how effectively the
stream transmits the water that is delivered to it. Gaging is
performed at several stations along the stream at the same
time. If discharge is lower in a downstream gage, the stream
21
is losing water to the ground-water reservoir between those
two points. A stream may also be gaining water from this
reservoir as well.
precipitation
Precipitation within the area of the Saucon Creek
watershed was gaged at Friedensville by the New Jersey Zinc
Company from October 1938 to December 1983. The mine ceased
pumping on October 19, 1983. According to New Jersey Zinc
records, from October 18, 1938 until about August 1952 this
gage was located behind the house at the southwest corner of
the intersection of East Saucon Valley Road and Camp Meeting
Road. In 1952 the gage was moved about 460 m to a new
location east of the office building of the New Jersey Zinc
Company. The catch of the gage was reduced by about 10.5
percent when it was relocated.
The data from the New Jersey Zinc Company has been
cumulatively plotted versus data from Allentown-Bethlehem-
Easton Airport, (see Figure 5). A-B-E airport is located
about 11.3 km north of Friedensville. The airport has
recorded precipitation in inches since 1938. It has served as
a first-order National Weather Bureau station since 1943. The
A-B-E airport gage has been very stable and has yielded
extremely reliable and consistent data, . (Dovico, personal
communication, May, 1993).
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CUMULATIVE PRECIPITATION 1939 - 1992
7000
60005000
Building demolished
near Friedensville gage.
400030002000
-- 1952: Friedensvi lie gage re located.
1000
o ,.. , I , , I ,
o
2000
1000
NOTE: From 1984 to 1992, Friedensville data
is estimated from A-B-E AIrport data,
4000
3000
5000
6000
l'V
W
Cumulative Precipitation at A-B-E Airport (cm)
Figure 5. Cumulative precipitation data for the gage at Friedensville are plotted vs.
Allentown-Bethlehem-Easton Airport gage data for calendar years 1938 to 1992.
Explainably, subtle changes in slope occur in 1952 and 1967.
Figure 5 reveals two changes in slope. One change in
slope occurs in 1952, when the New Jersey Zinc gage was moved.
The second change most likely coincides with the demolition of
a building close to the New Jersey Zinc gage around 1967
(Wood, personal communication, June 1993). Data points from
1984 to 1992 are estimated from the post-1967 slope using A-B-
E airport data.
Wood et al., in the 1972 water resource report for Lehigh
County, adjusted any New Jersey Zinc precipitation data taken
prior to the 1952 movement of the New Jersey Zinc gage to data
collected after its relocation. Wood uses a double-mass curve
adjustment method described by Searcy and Hardison in USGS
Water-Supply Paper 1541-B. In order to allow for easy
correlation between the Wood study and this investigation, all
New Jersey Zinc precipitation data has been adjusted to the
1953 to 1966 slope (see Appendix B). The adjusted mean annual
precipitation for the Friedensville gage from 1939 to 1992 is
110.05 em.
Runoff
Runoff data comes from USGS Water-Supply papers which
record stream discharge for the Delaware River Basin. Three
gaging stations included in these reports are pertinent to
this investigation: South Branch Saucon Creek at
Friedensville, Saucon Creek at Friedensville, and Saucon Creek
at Lanark, with drainage areas of 27.5, 68.9, and 31.1 km2 ,
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respectively (U.S.G.S., 1949 Surface Water Supply). The data
spans water years 1949 to 1953; one water year extends from
October 1 of the previous year to September 30 of the numbered
year. The data for water year 1953 is not included due to
initiation of pumping at the Friedensville Mine in January
1953.
The runoff for Saucon Creek and the South Branch Saucon
Creek for any period of known precipitation can be estimated
by way of the' graph in Figure 6. Note that the pre-August
1952 precipitation data were adjusted to fit the 1953 to 1966
double-mass slope. Of course runoff can be expected to
increase with more development of the basin; however, this
factor cannot be quantitatively assessed due to mine pumping
and the lack of stream gaging data for the basin. since 1953,
there has been active development within the basin. Pre-1953
farmland has been converted to suburban housing developments
with associated services and businesses. Also, Interstate
Route 78 has been constructed through the northern part of the
valley.
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Figure 6. Linear regressions through water-yea~ runoff data from three
Saucon-Valley gaging stations for water years 1949 to 1952 plotted against
precipitation for those water years.
The BUdget Equations
In a 1972 water resources report for Lehigh county, Wood
et al. expressed a simple long-term water budget:
P = L + R,
where P = precipitation on the area
L water loss from the area, and
R runoff from the area.
"The water loss (L) term includes not only evapo-
transpiration from the drainage basin, but also the
errors in records of precipitation and runoff, ground-
water outflow (or inflow), changes on ground-water and
surface-water storage, and surface-water diversion"
(Wood et al., p. 174).
This budget may be expanded to differentiate between factors
in the water loss term. Wood et al. rewrote the equation as
follows:
P = ET + GWR + R
where P
ET
precipitation,
evapotranspiration,
GWR = ground water recharge (ground-water outflow plus
change in ground-water storage), and
R = runoff.
The hydrologic budget made through this study will
represent the five calendar-year period of 1988 through 1992.
The adjusted value of precipitation averaged 103.2 inches over
this time. Several plots used to assess the hydrology involve
water-year values; however, over long periods of time, the
difference between water-year and calendar-year totals become
insignificant.
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For the linear regressions through the four water years
of data in Figure 6, if 103.2 cm is applied as the X value of
precipitation, then the Y value of runoff can be calculated,
(see Appendix C-I). The mean annual runoff for the study
period has been estimated as 41.8, 36.2, and 26.7 cm for South
Branch Saucon Creek at Friedensville, Saucon Creek at
Friedensville, and Saucon Creek at Lanark respectively.
Wood et al. (1972) presented the simple form of the
hydrologic budget for the South Branch Saucon Creek basin for
the period 1946 to 1962,
P = L + R
113.8 cm 65.8 cm + 48.0 cm.
This equation for the same basin during the study period 1988
to 1992 becomes:
103.2 cm = 61.4 cm + 41.8 cm.
The equations representing South Branch Saucon Creek at
Friedensville and Saucon Creek at Lanark, respectively, are
103.2 em = 67.0 cm + 36.2 cm,
103.2 em + 76.5 cm + 26.7 cm.
From seepage investigations in the Saucon Creek basin
including the South Branch Saucon Creek, Wood et al. (1972)
were able to differentiate the water loss between observed
ground-water recharge and calculated evapotranspiration.
Seepage investigations conducted on October 8, 1958 and
October 4, 1968 showed losses from the channel of South Branch
Saucon Creek of 16.1 and 35.4 Lis, with a mean loss of 25.8
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Lis. This converts to 3.0 cm of water loss over the drainage
area, [(Lis) Ikm2 ] • Thus, the water budget for the South
Branch Saucon Creek from 1959 through 1964, with
evapotranspiration being calculated from the other parameters,
is as follows:
P = ET + GWR + R
101.6 cm = 61.5 em + 3.0 cm + 37.1 cm.
"This 3.0 cm of loss probably accounts for the recharge to the
ground-water reservoir from South Branch Saucon Creek basin"
(Wood, written communication, 1993).
"Evapotranspiration should be the same for adjacent
basins of similar size during the same period" (Wood et al., /'
p.175). The South Branch Saucon Creek at Friedensville and
Saucon Creek at Lanark have similar drainage areas, 27.5 and
31.1 km2 respectively. Therefore, the expanded hydrologic
bUdget for Saucon Creek at Lanark can be used to calculate the
amount of water loss through ground-water recharge by applying
the evapotranspiration found for South Branch Saucon Creek,
yielding:
P = ET + GWR + R
101.6 cm = 61.5 cm + 24.1 em + 16.0 cm.
For this study, the annual mean ground-water recharge for
South Branch Saucon Creek is estimated from Figure 7. The
ground-water recharge losses found in seepage investigations
are plotted versus the previous water year's total
precipitation. using the linear regression and the adjusted
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Figure 7, Water losses attained 'from 1958 and 1968 seepage investigations,
which included stations in South Branch Saucon Creek, are plotted against
water-year precipitation for 1957 and 1967, respectively,
mean annual precipitation for the study period of 103.2 cm, an
estimated value for ground~water recharge over the period is
31.04 Ljs (see Appendix C-II), or 3.8 cm «Ljs)jkm2 ) annually
over the basin. Thus, the 27.5 km2 drainage basin of the
South Branch Saucon Creek at Friedensville possesses the
hydrologic bUdget
P = ET + GWR + R
103.2 cm = 57.6 em + 3.8 cm + 41.8 cm
for the study period.
Using the same evapotranspiration value for the similar
sized (31.1 km2) watershed of Saucon Creek at Lanark, and the
larger (68.9 km2 ) basin of Saucon Creek at Friedensville their
respective bUdgets become:
P = ET + GWR + R
103.2 cm = 57.6 cm + 18.9 em + 26.7 cm,
103.2 cm = 57.6 cm + 9.4 em + 36.2 cm.
However, since water loss was based upon seepage runs
from years that the mine was actively pumping, there is a
heavy bias. The evapotranspiration calculated is surely too
low; likewise, the ground-water recharge is too high. Some
ground-water recharge probably still occurs, but it is
difficult to quantify without adequate seepage-run data.
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TABLE 2: SUMMARY OF HYDROLOGIC BUDGET CALCULATIONS
I PERIOD I STATION I PPT I L I ET I GWR I R I
1946-62 SBSC@F 113.8 65.8 NjC NjC 48.0
1959-64 SBSC@F 101.6 64.5 61.5 3.0 37.1
"
SC@L 101.6
*
61.5 24.1 16.0
1988-92 SBSC 103.2
*
57.6 3.8 41.8
"
SC@L 103.2
*
57.6 18.9 26.7
"
SC@F 103.2
*
57.6 9.4 36.2
(All units are centimeters.)
SBSC@F = South Branch Saucon Creek at Friedensville,
SC@L = Saucon Creek at Lanark,
SC@F = Saucon Creek at Friedensville,
PPT = precipitation,
L = loss,
ET = evapotranspiration,
R = runoff,
NjC = not calculated, and
* = sum of evapotranspiration and ground-water recharge
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CONSTRUCTION OF THE SAUCON-VALLEY GIS DATABASE
An ARC/INFO coverage is a sort of single-concept digital
map. The most common method of generating a coverage is by
capturing spatial data manually by tracing the desired
features from a map manuscript mounted on a digitizing tablet.
Map features that may be graphically represented in ARC/INFO
are points, lines, and polygons. Other methods to add
coverages to the database include purchasing them from private
or government agencies, or acquiring them from other ARC/INFO
users.
Features represented by coverages are placed in a
geographic coordinate system; 1, 000 meter Universal Transverse
Mercator [UTM] grid coordinates are used for the Saucon-Valley
database. Coverages are stored as vector data; that is, every
feature can be related to a series of x and y coordinates in
space. INFO files are created to include any additional
attribute information, e.g. county codes, geology types, and
depths-to-water in wells.
Raster data, as opposed to vector data, allows another
method of storing and managing spatially-oriented information.
Raster data involve columns and rows defining a grid of cells.
Each cell also has a particular x and y coordinate in space;
however, it covers a particular area. Surfaces are commonly
represented by cell-based data; a digital elevation model
[DEM] is a raster representation of a continuous surface.
similarly, a grid can represent a surface represented by means
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of spaced x, y, and z points; an ARC/INFO lattice is similar
to a grid in that it consists of regularly-spaced points.
Another method of surface representation in ARC/INFO is by
means of a triangular irregular network [TIN], a network of
triangles connecting x, y, and z points; each triangle is like
a facet on the depicted surface.
The Saucon-Valley database consists of the following C
coverages and surface representations:
o USGS DEMs for three USGS 7.5-minute quadrangle maps:
Hellertown, Allentown East, and Milford Square,
o U.S. Environmental Protection Agency 1:100,000 roads,
hydrography (stream coverage), railroads, and
miscellaneous transportation and utilities,
o Manually digitized coverages from 1:24,000 USGS
quadrangle maps, including the following: roads,
hydrography, political boundaries, geology, and
sinkholes,
o Manually digitized soils maps from USDA, Soils
Conservation Reports and
o Manually digitized elevation for a small portion of the
USGS 7.5-minute Nazareth Quadrangle that includes a
small portion of the Saucon-Valley drainage basin.
UTILIZATION OF THE DATABASE FOR MANAGEMENT PURPOSES
Once a database is sUfficiently complete, ARC/INFO may be
used to manipulate files and data, perform surface analyses,
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and to query the database for desired information. This study
.'
attempts to show the applicability of Arc/Info to the
management of water resources in general. For example,
ARC/INFO can be used as a tool to manage the Saucon-Creek
basin water resources by delineating watersheds and tracking
flow paths of both surface and ground water. This enables one
to respond rapidly to any problems that may arise within the
basin.
In order to delineate the Saucon Creek drainage basin,
the WATERSHED command in the GRID subset of ARC was used to
determine the contributing area above a set of cells in a grid
(ESRI, GRID, 1992) (see Appendix D-II). USGS DEMs for
Hellertown, Allentown East, and Milford Square 7. 5-minute
Quadrangles were made into grids and merged together (see
Appendix D-I-A). Elevation for a minute portion of the
watershed which lies on the Nazareth Quadrangle, north of the
Hellertown Quadrangle, was digitized by hand, made into a
lattice, and merged to the OEM data (see Appendix D-I-B) .
Before implementation of the watershed command however,
the elevational surface had to be made depressionless. Errors
in OEMs are usually classified as sinks (areas surrounded by
higher elevation values) or peaks (areas surrounded by lower
elevation values). Such errors should be removed before
attempting to derive any surface information (ESRI, GRID-
supplement, 1992) (see Appendix 0-1-0). Figure 8 shows the
drainage basin of the Saucon Valley delineated by ARC/GRID.
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Figure 8. The Saucon-Creek basin, as delineated by the WATERSHED
function in ARC/GRID.
WATERSHED may be used on a smaller scale to define
possible source areas of contamination. That is, if one
discovers contamination at a particular location, the
watershed command may be run from that point to delineate a
probable contributing area. Not only can ARC/GRID define
areas from which contaminants may have originated, but it can
also trace the down-gradient path of least resistance which
contaminants will follow. This is achieved by means of the
COSTPATH command in ARC/GRID (see Appendix E).
caution must be used here because only advection is
considered important in these commands; that is, no diffusion
or dispersion of contaminants is assumed. This can be a
reasonable assumption in karst area such as the Saucon Valley
because advective transport can be shown to be much greater
than diffusion or dispersion. The effects of nonadvective
transport mechanisms could be evaluated in ARC/INFO
incorporating output from 2 or 3-dimensional flow models into
a grid. However, that is beyond the scope ,of the present
study. Also, it should be noted that surface-water problems
can be handled much more precisely and accurately due to the
high quality of the USGS digital elevation models. Lattice
grids created from USGS DEMs contain points of elevation every
30 meters in both the x and y directions. The 1993 ground-
water elevation map, on the other hand, is made from about 150
well-point data and analyses of problems will be more general
until the database is refined.
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In order to allow non-technical water resource managers,
or other individuals not familiar with the ARC/INFO, to use
the database, interactive menus must be created that guide the
user through an investigation. For surface analysis, this can
be accomplished by prompting the user to define the pour
point(s) for the WATERSHED command or "from cell(s)" for the
COSTPATH command (see Appendix F). Not only do menus allow
more people access to such a powerful automated database; but
menus can also speed up the entire process for even the most
experienced ARC/INFO specialist.
Several exemplary management scenarios have been carried
out using the WATERSHED and COSTPATH functions to illustrate
the applicability of the database in the analysis of and
response to contaminant problems.
CASE # 1: Environmental Assessment. Assuming that
hypothetical contamination was discovered along some point on
the Black River, an east-flowing tributary to the Saucon
Creek, what is the source area? Using the WATERSHED function,
a possible contributing area may be defined, based upon land-
surface elevation (see Figure 9).
CASE # 2: Emergency Response. . Assuming a truck carrying
hazardous liquid chemicals overturned at the junction of Rts.
378 and 309, where would hazardous waste likely go? Using the
COSTPATH function on the surface elevation, a surface path of
flow is delineated, as well as a ground-water flowpath, using
this-study's 1993 ground-water elevations, (see Figure 10).
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Figure 9. possible source area for hypothetical contamination
discovered in the Black River, delineated by the WATERSHED function.
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Figure 10. Surface-water (solid) and ground-water (dashed)
flowpaths for a hypothetical hazardous-material spill at
the junction of Rts. 309 and 378 (bottom left), as defined
by the COSTPATH function in ARC/GRID.
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No estimates on times of travel are made, nor any
approximations about time for the hazardous material to reach
the water table.
SUMMARY AND CONCLUSIONS
Based upon previous studies, volume calculations,
effective precipitation, and recharge estimates, specific
yield values for the Saucon-Valley carbonate aquifer are
probably higher than 2 %, but most likely not much more than
5 9.eo.
Absence of mine pumping has increased stream flow within
the Saucon Creek basin. Normally, recharge occurs in upland
areas, discharging in lowlands; however, in karst terrain,
recharge may occur at any location. Recharge to the valley is
predominantly through sinkholes; as development has proceeded
within the basin, areas underlain by sinkholes have been built
upon. Surface water, with any acquired contaminants, commonly
drains into these sinkholes. It is difficult if not
impossible to completely rectify this condition, but it
certainly must be recognized as a problem within the basin.
One suggestion for further research in the Saucon Valley
database involves interfacing ARC/INFO with a 2-or 3-
dimensional flow and transport model to trace the complex
movement of contaminants through the ground-water system. For
example, output grids from MODFLOW , a USGS 3-dimensional
transport and flow model, may be converted to ARC/INFO grids,
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which can be manipulated like any other ARC/INFO grids.
Another possibility includes incorporating u.s. Census
Bureau data (TIGER files) into the ARC/INFO database in order
to evaluate present water allocation based upon average daily
water use per household. This data would also permit
projection of future demands and required changes in
allocation due to future development. Problems of short
supply are not anticipated in the basin due to the almost
limitless reservoir of ground water at the Friedensville Mine.
However, this area represents an extremely valuable resource
that should be protected and managed wisely.
ARC/INFO, as illustrated by surface analyses using the
WATERSHED and COSTPATH functions in ARC/GRID, can quickly and
effectively handle environmental problems. The Saucon-Valley
database itself will continue to grow, with the addition of
new coverages and revision/updating of current ones. ARC/INFO
has proven to be an efficient way of storing and managing vast
amounts of data. However, it is up to users and user groups
to keep data organized, updated, and available for efficient
use and application.
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TABLE 3: RECORD OF WELLS
From early June to early August, water-level measurements were
taken in the Saucon-Creek basin.
USER-ID = User-ID for label points in the ARC/INFO point attribute
table for well data, /usr/ees/ddees/pm08/sauc/saucwell/wells.
Univeral Transverse Mercator (UTM) grid coordinates are listed,
minus 4,000,000 m for the y-coordinate.
G = ground elevation at the well (feet above mean sea level
from USGS 7.5-minute topographic maps).
D = depth-to-water in the well (feet, measured with electronic
device or reported).
L = water level (G minus D).
USER-ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
UTM COORDINATES
(467533.344,493732.469)
(469824.656,484847.312)
(469759.406,484760.344)
(468317.719,487229.219)
(469288.938,486707.531)
(468301.156,486131.594)
(468683.031,486262.500)
(468516.000,484971.875)
(469255.219,486829.281)
(468553.094,488320.250)
(469477.594,488786.688)
(469636.656,488320.562)
(469408.312,488292.969)
(469556:156,488420.688)
(469181.219,487703.844)
(469117.750,486883.344)
(469112.406,486951.000)
(469147.219,487404.250)
(469155.094,487505.531)
(464061.406,482995.156)
(465442.781,482560.875)
(465036.344,482187.844)
(464695.031,482162.562)
(465888.188,482269.656)
(465562.750,482661.844)
(465901.219,482134.719)
(465719.344,482563.750)
(465532.000,482795.000)
(465473.688,482896.500)
(467052.594,483496.562)
(466940.812,485700.344)
(466570.219,488251.562)
(463600.219,488380.906)
(463548.531,487840.156)
(462462.062,486906.875)
(465292.156,483687.062)
(463843.781,484508.031)
(463796.750,484456.281)
(463727.250,483552.188)
(463529.969,483906.812)
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G
805.0
630.0
647.0
475.0
690.0
575.0
610.0
540.0
590.0
510.0
380.0
457.0
455.0
440.0
557.0
750.0
760.0
635.0
607.0
895.0
650.0
785.0
830.0
710.0
625.0
725.0
620.0
635.0
647.0
535.0
450.0
390.0
385.0
397.0
425.0
612.0
645.0
639.0
850.0
735.0
D
20.5
20.0
20.0
22.5
22.5
31.9
17.1
16.7
163.0
20.0
2.0
2.2
38.7
15.0
102.3
85.5
97.0
181.0
153.0
78.5
12.5
16.0
50.8
93.3
5.0
122.5
3.0
6.5
25.5
50.0
6.0
18.0
12.0
26.4
48.5
32.3
12.0
7.7
168.5
60.3
L
784.5
610.0
627.0
452.5
667.5
543.1
592.9
523.3
427.0
490.0
378.0
454.8
416.3
425.0
454.7
664.5
663.0
454.0
454.0
816.5
637.5
769.0
779.2
616.7
620.0
602.5
617.0
628.5
621.5
485.0
444.0
372.0
373.0
370.6
376.5
579.7
633.0
631.3
681.5
674.7
USER-ID UTM COORDINATES G D L
41 (463721.656,484083.875) 685.0 20.8 664.2
42 (467556.188,488910.656) 372.0 15.6 356.4
43 (467300.031,485868.562) 490.0 7.5 482.5
44 (467217.500,485737.031) 475.0 9.5 465.5
45 (468075.438,485771.406) 543.0 25.0 518.0
46 (468103.344,485713.406) 533.0 15.0 518.0
47 (468122.875,486012.156) 550.0 23.0 527.0
48 (468171.500,485378.531) 520.0 11.8 508.2
49 (467723.938,486083.031) 520.0 24.3 495.7
50 (468182.312,486466.906) 605.0 67.5 537.5
51 (465241.531,484540.781) 545.0 15.0 530.0
52 (467625.625,488313.594) 390.0 25.3 364.7
53 (467778.719,488682.219) 385.0 25.6 359.4
54 (468035.188,486325.094) 545.0 18.0 527.0
55 (465125.062,485071.469) 545.0 25.3 519.7
56 (463248.688,488969.969) 440.0 28.0 412.0
57 (464594.219,484711.500) 570.0 28.0 542.0
58 (462089.812,484006.469) 525.0 13.7 511.3
59 (460657.094,483861.594) 790.0 42.0 748.0
60 (460490.844,483902.750) 803.0 47.0 756.0
61 (459905.188,484412.969) 625.0 74.0 551.0
62 (459606.156,484764.750) 615.0 10.0 605.0
63 (460347.375,486091.344) 497.0 106.0 391. 0
64 (460048.969,486752.875) 823.0 26.5 796.5
65 (461399.719,486147.312) 470.0 79.0 391. 0
66 (461363.156,486442.500) 450.0 55.5 394.5
67 (462324.875,483355.438) 575.0 29.5 545.5
68 (462045.250,484840.656) 512.0 60.0 452.0
69 (462350.188,482217.312) 640.0 6.0 634.0
70 (462063.000,481839.469) 675.0 15.5 659.5
71 (462299.469,481269.312) 845.0 49.1 795.9
72 (460428.344,482231.375) 630.0 29.5 600.5
73 (459456.094,482894.188) 730.0 60.0 670.0
74 (465738.906,488188.719) 390.0 15.0 375.0
75 (464780.719,488992.094) 375.0 5.0 370.0
76 (464907.781,488802.344) 372.0 3.5 368.5
77 (466633.031,486442.312) 425.0 29.0 396.0
78 (465266.969,486180.219) 680.0 209.0 471.0
79 (463404.031,486482.750) 454.0 17.4 436.6
80 (461705.031,486995.750) 437.0 30.0 407.0
81 (461880.125,486879.500) 435.0 30.0 405.0
82 (462176.250,486661.969) 460.0 63.0 397.0
83 (461954.750,485381.688) 472.0 15.5 456.5
84 (462893.375,487973.906) 398.0 23.0 375.0
85 (461997.688,490059.250) 745.0 15.0 730.0
86 (464064.188,490629.656) 848.0 90.0 758.0
87 (462667.531,490310.594) 925.0 40.3 884.7
88 (465242.656,491181.562) 758.0 35.3 722.7
89 (464855.906,492201.906) 704.0 19.0 685.0
90 (465041.562,491849.875) 664.0 21.0 643.0
91 (465892.312,492105.781) 525.0 50.0 475.0
92 (465049.125,492408.375) 740.0 53.0 687.0
93 (467920.656,491616.281) 365.0 55.0 310.0
94 (466359.125,492377.375) 490.0 35.0 455.0
95 (466487.969,493372.188) 730.0 28.7 701.3
45
USER-ID UTM COORDINATES G D L
96 (467016.281,493206.531) 560.0 23.0 537.0
97 (467683.438,493118.281) 604.0 27.5 576.5
98 (465592.969,492059.969) 567.0 41.0 526.0
99 (465709.469,489169.406) 380.0 16.5 363.5
100 (467323.906,488128.344) 383.0 17.5 365.5
101 (466107.375,486508.000) 470.0 19.0 451.0
102 (464310.281,491815.219) 750.0 6.0 734.0
103 (471110.562,494664.094) 234.5 1.0 233.5
104 (471442.125,495407.812) 222.0 7.1 214.9
105 (472832.875,496014.406) 322.7 78.5 244.2
106 (471894.594,496187.344) 221.6 15.3 206.3
107 (473837.375,496549.031) 405.0 10.5 394.5
108 (474138.344,494827.500) 296.8 6.4 290.4
109 (472677.438,494208.531) 291.1 13.9 277 .2
110 (472082.969,494067.094) 382.0 79.7 302.3
111 (473415.250,495853.438) 375.0 123.0 252.0
112 (469476.219,492505.812) 313 .1 49.0 264.1
113 (469510.188,492476.344) 323.0 58.9 264.3
114 (469481.938,492436.875) 323.7 58.8 264.9
115 (471547.938,491860.531) 303.0 8.0 295.0
116 (471045.656,491961.844) 283.0 5.0 278.0
117 (469376.094,488230.500) 465.0 30.0 435.0
118 (469676.250,488032.625) 500.0 42.0 458.0
119 (470258.094,488586.906) 445.0 21.0 424.0
120 (471029.656,489362.938) 360.0 5.5 354.5
121 (471279.844,486825.688) 968.0 56.0 912.0
122 (470268.438,486455.062) 970.0 100.5 869.5
123 (469593.625,486122.250) 830.0 71.0 759.0
124 (468797.281,485749.438) 620.0 46.0 574.0
125 (468273.188,492678.406) 445.0 90.0 355.0
126 (472536.625,492178.094) 410.0 76.5 333.5
127 (472915.500,492717.969) 660.0 57.5 602.5
128 (475987.938,494463.062) 384.0 28.0 356.0
129 (469042.719,488976.344) 385.0 30.0 355.0
130 (470415.938,490815.656) 350.0 69.5 280.5
131 (471274.000,490293.469) 300.0 17.0 283.0
132 (471384.969,489933.500) 360.0 37.5 322.5
133 (472436.250,489886.719) 550.0 21.4 528.6
134 (475239.312,492356.344) 670.0 15.5 654.5
135 (475909.125,494151.438) 362.0 10.8 351.2
136 (477719.344,494349.062) 480.0 11. 0 469.0
137 (469225.844,489030.469) 385.0 30.0 355.0
138 (473190.969,496251.375) 325.0 78.0 247.0
139 (475669.125,496475.188) 700.0 51.0 649.0
140 (476053.594,494901.000) 340.0 43.2 296.8
141 (474015.938,490787.281) 575.0 62.3 512.7
142 (473094.188,490891.625) 565.0 29.0 536.0
143 (472128.875,490859.719) 375.0 54.5 320.5
144 (475206.875,491132.156) 790.0 52.0 738.0
145 (473534.562,491428.031) 650.0 25.0 625.0
146 (473243.406,491440.531) 550.0 18.5 531.5
147 (469934.500,487647.812) 615.0 120.0 495.0
148 (467254.781,493180.406) 575.0 29.0 546.0
149 (467814.094,491460.406) 375.0 51. 5 323.5
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APPENDIX A: CALCULATING VOLUME DIFFERENCE BETWEEN 1967 AND
1993 GROUND WATER MAPS USING ARC/INFO
I. Create coverages representing ground-water surfaces
A. This study's 1993 ground-water elevation map
1. Digitize well points.
a. Add labels in ARCEDIT, keeping record of
LABEL-ID.
b. Build the coverage with the BUILD command in
ARC, specifying that it be a POINT coverage.
c. Supply the point attribute file (PAT) with
ground-level, depth-to-water, and water-
level items.
d. In INFO, input ground-elevations (taken off
USGS 7. 5-minute quadrangle maps and depths-
to-water in feet.
e. In INFO calculate (water-level) = (ground-
level) - (depth-to-water) in INFO.
B. Wood et ale 1967 ground-water elevation
1. Digitize well points.
a. Add labels, keeping record of LABEL-ID.
b. Build the coverage with the BUILD command in
ARC, specifying that it be a POINT coverage.
c. Supply the point attribute file (PAT) with
water-level item.
d. In INFO, input water-elevation according to
the well location.
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2. In the same coverage, also digitize contours.
a. Add arcs in ARCEDIT.
b. Build as a line coverage in ARC.
c. Supply the Arc Attribute Table (AAT) with
and elevation-item of the same name as for
the point coverage above.
d. Select arcs in ARCEDIT and calculate (input)
the contour values.
e. In ARC, convert the coverage from a line to
point coverage using the ARCPOINT command.
3. Append this Wood et ale (1972) point data with
1993 data that is beyond the zone influenced by
mine pumping.
a. Create a polygon coverage including at least
all areas affected by mine pumping.
b. Use the above polygon coverage to erase that
portion from the 1993 data, using the ERASE
command in ARC.
c. Using APPEND in ARC, append all the Wood et
ale (1972) data to the remaining portion of
1993 data of this study.
C. Contour maps may be produced using the TINCONTOUR
command in ARC.
1. Use a ZFACTOR of 0.3048 to convert feet to
meters.
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II. VOLUME CALCULATIONS
A. Create TIN-surfaces of the two ground-water point data
coverages.
1. CREATETIN in ARC using the COVER subcommand.
B. Calculate Volume.
1. Perform the VOLUME command on the TINs.
a. Usage: VOLUME in_TIN base_value vol ZFACTOR,
where vol is an info file, and ZFACTOR =
0.3048 so that units are meters, because
point elevations are feet
b. Area and volume above the base value is
calculated and displayed on the monitor.
c. Perform this command on the clipped TIN for
each ground-water map, making certain that
the base value is equal to or below the
lowest elevation represented in both
surfaces.
d. The subtracted difference between the two
volumes given is the volume difference
between the two map surfaces.
C. Calculate Volume another way.
1. CUTFILL command in ARC.
a. CUTFILL requires input of two elevation
lattices, a before and after lattice.
1. Create TINs as above.
2. TINLATTICE command in ARC.
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b. The two lattices must have the same origin,
as well as same number of rows and columns.
c. Volume and area are given in an info file.
d. Similar results were achieved with the
CUTFILL command, however, HEAVY CAUTION is
mandatory in two area again.
1. ZFACTOR may need to be applied
2. Any TIN-surfaces must be created from
convex coverages, unless you use the
special clip within CREATETIN, which is
only allowed for polygon coverages.
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APPENDIX B: ADJUSTMENT FOR BREAKS IN DOUBLE MASS SLOPES
"When double-mass curves of precipitation data from a
particular station indicates a break in slope and the
reason for the break is determined, the record for one
set of conditions may be adjusted to what it would have
been if it had been collected under the other set of
conditions" (Searcy and Hardison, p. 38).
The Searcy-Hardison adjustment method equation is as follows:
Pa = ba/bo (Po),
where Pa = adjusted precipitation
Po observed precipitation
ba slope of graph to which records are adjusted
bo slope of graph at time Po was observed.
See Figure 5 for cumulative annual precipitation at
Friedensville vs. Allentown-Bethlehem-easton Airport.
Slope 1 (1939 to 1951): 1.159
Slope 2 (1953 to 1966): 1.007
Slope 3 (1968 to 1983): 1.085
All data is adjusted to slope 2.
Adjustments for data prior to August 1952:
Pa = ba/bo (Po)
Pa = 1.007/1.159 (Po)
Pa = 0.869 (Po)
Adjustments for data after 1967:
Pa = 1.007/1.085 (Po)
Pa = 0.928 (Po)
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APPENDIX C: KALEIDAGRAPH™ LINEAR REGRESSIONS
Plots were made using Kaleidagraph™ 2.1.2 Software.
Kaleidagraph linear regression: Y = MO + M1 (X)
I. RUNOFF VS. PRECIPITATION REGRESSIONS (Figure 6)
A. South Branch Saucon Creek at Friedensville: R=0.9743
Y = MO + M1 (X)
Y = -43.403649354 + 0.82506724061 (X)
If X = average precipitation 1988 to
1992 (calendar years), 103.2256 em,
then Y = 41.76441.
B. Saucon Creek at Friedensville: R = 0.97496
Y = MO + M1 (X)
Y = -51.012018764 + 0.84515647179 (X)
If X = 103.2256 then Y = 36.22977.
C. Saucon Creek at Lanark: R = 0.9861
Y = MO + M1 (X)
Y = -38.930888559 + 0.63563375061 (X)
If X = 103.2256, then Y = 26.68279.
II. WATER LOSS VS. PREVIOUS WATER YEAR'S PRECIPITATION
REGRESSION (Figure 7)
A. South Branch Saucon Creek, as part of a Seepage
Investigation
Y = MO + M1 (X)
Y = -68.519760341 + 0.96448122876 (X)
If X = 103.2256 em, then Y = 31.03939 Lis.
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APPENDIX D: WATERSHED FUNCTION (ARC/GRID)
I. creating a depressionless DEM (for this study)
A. Convert USGS DEMs to grids.
1. DEMLATTICE command in ARC
B. Digitize portion of Nazareth Quadrangle.
1. Add arcs (contours) to a coverage in ARCEDIT and
supply the Arc Attribute Table [AAT] with an
elevation item (and input feet for contours).
2. Create a surface from the arcs.
a. CREATETIN command in ARC with the COVER
subcommand using the arc coverage
3. Create lattice from the TIN-surface.
a. TINLATTICE command in ARC
b. QUINTIC interpolation chosen over LINEAR
C. Merge all DEM lattices (USGS and digitized)
1. MERGE command in GRID
D. Fill in sink errors.
1. FILL command in GRID
E. units
1. Care must be taken to maintain constant Surface
ZUNITS, especially if several DEMS are being
incorporated.
a. 0.3048 ZFACTOR parameter in TINLATTICE to
convert feet to USGS DEM ZUNIT of meters
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II. Delineating the watershed (general)
A. Do what is necessary to create the elevation surface
1. digitize in ARCEDIT, CREATETIN, etc.
2. Use DEMs from USGS or other source
3. Combination of above
B. Convert elevation surface to a lattice ~
1. DEMLATTICE in ARC
2. TINLATTICE
3. Combination of above (must MERGE)
C. Fill sinks
1. FILL command in GRID
D. Create a grid of flow direction from each cell to its
steepest downslope neighbor (ESRI, GRID, 1992).
1. FLOWDIRECTION function in GRID
a. flowout=flowdirection(filled_elevation_grid)
b. Choose the default NORMAL edge parameter
E. Define watershed boundaries.
1. WATERSHED function in GRID
a. w=watershed(flowout,selectpoint(flowout,*»
where <*> allows for interactive selection
of pour points with the mouse or digitizer,
else coordinates must be entered via a
source grid.
F. A polygon coverage of the watershed grid may be made
using the GRIDPOLY command in ARC.
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APPENDIX E: COSTPATH FUNCTION (ARC/GRID)
"Downstream tracing can be done by using the flowdirection
grid as the backlink grid for input to the COSTPATH function"
(ESRI, GRID, 1992, p. FLOWDIRECTION-2).
The command usage:
$$display = costpath (*, elevation grid, flowdirection_grid)
- )
<elevation_grid> is just like the lattices created for the
WATERSHED function (see Appendix D).
<flowdirection_grid> is the same as the flowdirection grid
used in the WATERSHED function (se Appendix D).
<$$display> sends the output to the monitor to be drawn over
the original grid.
some out_grid.
Else, output can be designated as
<*> Allows you to interactively select points using the mouse
~
or digitizer from which you want to see the trace of flow.
Else, a fromcell_grid must be used to establish sources.
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APPENDIX F: SAMPLE MENUS FOR WATERSHED AND COSTPATH
MAIN MENU:
2 sidebar for mainmenu
'SURFACE WATER' &menu /usr/ees/ddees/pm08/sauc/hydro/menu/sw.men
'GROUND WATER' &menu /usr/ees/ddees/pm08/sauc/hydro/menu/gw.men
QUIT
SURFACE-WATER MENU:
2 swmenu
SURFACE-WATERSHED &r /usr/ees/ddees/pm08/sauc/hydro/menu/swshed.aml
'SURFACE COSTPATH' &r /usr/ees/ddees/pm08/sauc/hydro/menu/
swcostpath.aml
QUIT
SWATERSHED.AML:
GRID
display 9999
mape /usr/ees/ddees/pm08/sauc/hydro/sauclat
arcs /home/pm08/gis/modlOO/stcn02
$$display = watershed (/usr/ees/ddees/pm08/sauc/hydro/saucfillflow,
r selectpoint (/usr/ees/ddees/pm08/sauc/hydro/saucfillflflow,*))
SWCOSTPATH.AML:
GRID
display 9999
mape /usr/ees/ddees/pm08/sauc/hydro/sauclat
arcs /home/pm08/gis/modlOO/stcn02
$$display = costpath (*,/usr/ees/ddees/pm08/sauc/hydro/sauclat,
/usr/ees/ddees/pm08/sauc/hydro/saucfillflow)
GROUND-WATER MENU:
2 gwmenu
'GROUND-WATERSHED' &r /usr/ees/ddees/pm08/sauc/hydro/menu/
gwshed.aml
'GROUND COSTPATH' &r /usr/ees/ddees/pm08/sauc/hydro/menu/
gwcostpath.aml
QUIT
GWSHED.AML:
GRID
display 9999
mape /usr/ees/ddees/pm08/sauc/volume/4well3lat
image /usr/ees/ddees/pm08/sauc/volume/4well3lat
arcs /home/pm08/gis/modlOO/stcn02
$$display = watershed (/usr/ees/ddees/pm08/sauc/volume/4w3fillflow,
selectpoint (/usr/ees/ddees/pm08/sauc/volume/4w3fillflow,*))
GWCOSTPATH.AML:
GRID
display 9999
mape /usr/ees/ddees/pm08/sauc/volume/4well3lat
image /usr/ees/ddees/pm08/sauc/volume/4wel13lat
arcs /home/pm08/gis/modlOO/stcn02
$$display = costpath (*,/usr/ees/ddees/pm08/sauc/volume/4wel13lat,
/usr/ees/ddees/pm08/sauc/volume/4w3fillflow)
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